A calibration is presented for conventional radiocarbon ages ranging from 10 to 7240 years IMP and thus covering a calendric range of 8000 years from 6050 BC to AD 1950. Distinctive features of this calibration include 1) an improved data set consisting of 1154 radiocarbon measurements on samples of known age, 2) an extended range over which radiocarbon ages may be calibrated (an additional 530 years), 3) separate 95% confidence intervals (in tabular from) for six different radiocarbon uncertainties (20, 50, 100, 150, 200, 300 years), and 4) an estimate of the non-Poisson errors related to radiocarbon determinations, including an estimate of the systematic errors between laboratories.
INTRODUCTION
It is now quite generally accepted that "conventional" radiocarbon dates need to be "calibrated" because of temporal variations in the radiocarbon content of atmospheric carbon dioxide. The discovery of this phenomenon was made largely by the pioneering work of de Vries (1958; 1959) and Willis, Tauber, and Munnich (1960) , and subsequently has been carried on by more than a dozen radiocarbon laboratories worldwide (for a review see Damon, Lerman, and Long, 1978) . The assessment of these variations relies on the measurement of "C activity in samples of known age. Dendrochronologically dated wood has proved to be an ideal material for such measurements, and currently all radiocarbon calibrations are based on measurements of 14C activity in wood. The longest chronology extant is that of the bristlecone pine, resulting from the efforts of Schulman (1956) and Ferguson (1969; 1972) . It reaches continuously to 8681 years ago, and to 8580 years ago with sufficient material to allow radiocarbon dating. This work includes measurements on wood as old as 8000 years.
Many calibrations have appeared during the past 13 years (Suess, 1979; 1970a; 1967; Clark, 1980; 1975; McKerrell, 1975; Damon et al, 1974; Ralph, Michael, and Han, 1973; Switsur, 1973; Michael and Ralph, 1972; Clark and Renfrew, 1972; Damon, Long, and Wallick, 1972; Wendland and Donley, 1971;  Lerman, Mook, and Vogel, 1970;  Ralph and Michael, 1970;  Stuiver and Suess, 1966) . Although all reflect similar long-term changes in atmospheric radiocarbon concentrations, they differ significantly in their treatments of shorter period variations. This diversity of available calibrations and the apparently conflicting results obtained when calibrating dates using one in preference to another has resulted in a suspicion on the part of many archaeologists regarding calibration, in particular, and radiocarbon dating, in general. Consequently, in 1978, it was suggested to the USA National Science Foundation that it was time to attempt a consensus among the divergent efforts of the many laboratories then involved in calibration research. With this as a goal, a workshop was held in Tucson, Arizona in early 1979, entitled, "Workshop on the Calibration of the Radiocarbon Dating Time Scale" Michael and Klein, 1979 A second decision of the participants of the Workshop was to provide the "user" with a realistic assessment of the precision of calibrated dates. A consideration of many factors is necessary in the estimation of this precision. These include the precision with which the sample's activity has been measured, involving not just the "counting" statistics quoted by the measurement laboratory, but also an estimate of the true reproducibility of the measurement, ie, the degree to which a particular result can be repeated by the same laboratory or any other laboratory on subsequent measurements. In addition, there is the precision to which the calibration function is known near a particular calendric date. This depends on the quantity and quality of data used in the construction of the calibration. Finally, there is the "shape" of the calibration "curve" in the region in which it is being employed. This factor is often the most influential in determining the magnitude of the uncertainty of a calibrated date, and although its importance has been recognized for some time (Renfrew and Clark, 1974; Grey and Damon, 1970) it is often ignored in the routine calibration of dates.
These objectives were implemented by providing a range of calibrated dates, representing the 95% confidence interval, for each radiocarbon age of specified precision. An advantage of specifying an interval, years) secular changes in the atmospheric 14C concentration; a series of short term intervals called "shingles" which describe variations of a few hundred years; and finally, the construction of the table itself from the combination of these functions.
First, paired dendrochronologic ages and radiocarbon ages are scaled logarithmically so that each ranges over the interval [-1,1] . This is done to avoid the pathology common with polynomial regressions, namely the dominance of measurements at large values of the independent variable in the determination of the coefficients of the function. Next, each measurement is weighted by an estimate of the inverse of its variance. But, as it is widely accepted that the uncertainties quoted by radiocarbon laboratories, based only on counting statistics, are underestimates of the "true" variability, the laboratory uncertainties were increased under the following assumptions: 1) the additional sources of variance are independent of the Poisson error of the activity measurement; 2) this added variance is of approximately the same magnitude for samples of similar age; 3) these "extra" components increase with the age of the sample, as demonstrated by the poorer reproducibility of radiocarbon dates for older samples (Currie and Polach, 1980; Pearson et al, 1977; Clark, 1975; Curre, 1972) . Consequently, the "counting" variance was increased by an additive term which was allowed to be a slowly increasing function of the age of the sample, hence:
This has the effect of increasing the smallest error to approximately 60 years for samples less than 1000 years old, and to approximately 115 years for samples with ages greater than 6000 years. These figures compare favorably with the error estimates of Otlet et al (1980) , viz: 50 years for samples less than 5000 years and 100 years for samples less than 10,000 years old, and the estimates of Clark (1975) , viz: 50 years for samples less than 3000 years and 95 years for samples with ages greater than 3000 years. Finally, the weighted, scaled radiocarbon ages are least squares regressed against their calendric (dendrochronologic) ages using a polynominal basis to obtain the long period trend curve. Polynominals were chosen since 1) a sample's radiocarbon age is, to first order, linearly related to its chronologic age, and 2) though the difference between a sample's uncalibrated age and its true age is bounded, and described reasonably well by a sine function (Damon, Long, and Wallick, 1972; Houtermans, 1971) , a polynomial fit is better.
With Fisher's F-test as a criterion, the "best fit" was determined to be a polynominal of order six. Because of its low order, this function is insensitive to short-period variations in the 14C inventory and, for the most part, reflects variations resulting from changes in the earth's magnet-is field. (See, eg, Sternberg and Damon, 1979;  Lingenfelter and Ramaty, 1970; Damon, 1970; Bucha, 1970;  Lal and Venkatavaradan, 1970; Suess, 1970b.) This function and the data are plotted in Figure 1 .
The second step involves a piecewise Fourier analysis of the residuals around the polynominal regression. A piecewise regression, ie, one that divides the data into a number of similar intervals instead of considering the data set as a whole, was adopted because of several distinctive features observed in the variations of atmospheric 14C. Such characteristic changes are represented by the variations in 14C concentration occurring during the Sporer, Maunder, and Wolf minima (Stuiver and Quay, 1980a; 1980b;  Damon, Long and Grey, 1966) ; by those occurring in the sixth millennium BP (de Jong, Mook, and Becker, 1979; Jong and Mook, 1980) , and by the peaks at 200 years, 150 years, etc, observed in the power spectra of Fourier analyses performed by various investigators (Nef tel, Oeschger, and Suess, 1981; Suess, 1980; Lazear, Damon, and Sternberg, 1980; Siegenthaler, Heimann, and Oeschger, 1980; Houtermans, 1971) . Damon (1977) has noted that although characteristic periods appear in the spectral analyses of atmospheric 14C, their phase relationships are different depending upon the section of the 8000-year record analyzed. With this in mind, it seemed prudent to divide the entire time period into short segments and consider the fluctuations individually in each. Consequently, the calendric time scale was divided into 28 shingles, each 500 years long, and each overlapping the previous and next shingle by 250 years (50% overlap each end, 100% overlap for the entire shingle). Two Fourier analyses were carried out to a minimum period of 65 or 110 years, depending on the number of measurements in the shingle. The minimum periods were chosen with consideration of the attenuation factors predicted by various models for changes in the atmospheric 14( activity resulting from changes of various durations in the production-forcing function (Oeschger et al, 1975; Houtermans, 1966) . Such models predict attenuation factors on the order of 25 times for variations in production lasting less than 100 years. The result of these procedures is shown in Figure 2 .
Two analyses were performed in order to assess the effects of outlying points on the calibration function. The first analysis used the unmodified data base as described in the section on data, whereas the second analysis used a "winsorized" data set in which the residuals used for winsorization were taken with respect to the function calculated on the unmodified data. "Winsorization" is a process which reduces the effect of a few aberrant measurements by limiting the effect on the mean of a single outlying point to less than '2.56s/n, where s is the standard error estimated from the fourth quintile of the variance of the data, and n is the number of points in the interval. Winsorization, as employed here, is described elsewhere (Dixon, 1960) . Winsorization was used instead of a simple rejection of "outlying" points for the following reasons: 1) the maximum rate of change of the 14C concentration is not certain, and although it appears that changes of the order of a few per mil per year seem to be
the rule (Stuiver and Quay, 1980b; Burchuladze et al, 1980; Lerman, 1970a; 1970b; Lerman et al, 1969; Lerman, Mook, and Vogel, 1967) , it seemed preferable not to establish an arbitrary criterion for the rejection of suspect measurements, and 2) in the assessment of the "true" errors associated with radiocarbon dates, the rejection of measurements with large residuals furthers the practice of underestimating the scatter in the data. Another problem is caused by unequal residuals at the ends of the regression intervals (endpoint effects) and this was eliminated by using a cosine weighted average of the overlapping functions. This weight is equal to one in the center of the interval and zero at the ends, producing a final calibration function that is both continuous and differentiable.
The combined uncertainty of the calibration and the "true" uncertainty of the data are estimated by averaging the residuals of the data around the final calibration function, using the following formula:
where the y(i) are winsorized, but the a-(i) are the unmodified laboratory estimates of the measurement uncertainty, and n is the number of measurements in the 500-year interval. The assumption is that and y. In fact, this is not the case for linear regression which always leaves residuals correlated with the original data, but this correlation has little effect on the value of this procedure in determining the magnitude of the combined uncertainty of the calibration and the true measurement variability.
Finally, the calibration tables were derived from the composite calibration function and the combined error of the calibration and the quoted error of the radiocarbon date being calibrated. This was done by adding together the variance of the calibration (which includes not only the error of the calibration proper, but also an estimate of the nonPoisson error associated with a typical radiocarbon date) and the variance CALIBRATED DATE (RD-BC) Graphic representation of the period covered by the calibration tables. The ordinate is the conventional radiocarbon age in years BP (1950 used as origin, ages calculated using the 5568-year half-life); the abscissa is the calendric date in years AD-BC. The same data set as in Figure 1 is plotted, but the data here have been winsorized as described in the text. The function includes both the trend analysis and the Fourier analysis of the residuals around the trend. If conventional radiocarbon years were equivalent to calendric years, all the data would fall on the diagonal line; that they do not is readily apparent. The maximum deviations between uncalibrated conventional radiocarbon dates and calendric dates occur ca 5200 Be. of the particular date. The square root of this "total" variance was added to and subtracted from the composite calibration function, producing an uncertainty band in '4C activity representative of the 95% confidence interval for a single determination of the 1`1C activity in a sample of given age. This was converted to an uncertainty interval in calibrated age by determining the range of calendric dates for which the '4C age was consistent (see Figure 3) . With the exception of the post-industrial period, multiple calibration intervals were found to be statistically unjustifiable. Consequently, after combining the variances associated with the calibration and those associated with an individual date, the bound-
CALIBRATED DATE (RD-BC) Fig 3A- G. Calibration limits (monotonic) for radiocarbon uncertainties of 20, 100, 200, and. 300 years. The data are the same as in Figure 2 . The error bands include both the error of the calibration and an estimate of the possible systematic differences between laboratories.
The 90% confidence intervals plotted in these graphs are intended primarily for users with multiple dates and will provide calibration intervals shorter than those obtained from the tables. To calibrate a radiocarbon date, first locate the radiocarbon age (BP 1950) on the ordinate (vertical axis), then draw a horizontal line (parallel to the abscissa) through the calibration curves. The projection onto the x-axis of the intersections of this line with the "curves" of appropriate uncertainty gives the calibrated range of the date. Note that each graph spans 1400 radiocarbon years.
ing functions were made monotonic in calendric age before the calibration interval was determined. In the final 
INSTRUCTIONS FOR USING CALIBRATION TABLES
The tables on the following pages are to be employed in the calibration of single radiocarbon dates. One enters the tables with a radiocarbon age (years BP, 5568-year, "Libby," half-life) and uncertainty, and leaves with a 95% confidence interval containing the "true", calendric date. The radiocarbon age, rounded to the nearest 10 years and calculated using the Libby half-life, determines the row in which the calibrated age is to be found; the uncertainty determines the columns. All dates within the obtain an accurate date), or on "secondary" sources that estimate the constancy of cosmic rays from the measurements of other radionuclides, or from the inferred strength of the earth's magnetic field from archaeomagnetism. The consensus of these sources suggests that the cosmic ray flux reaching the earth and producing 14C has probably remained constant to within ±10% over the past 50,000 years or more (Vogel, 1980; Barbetti, 1980; Forman and Shaeffer, 1980; Stuiver, 1971 CALIBRATED DATE (AD-BC) Figure 3A , here, however, the calibration function is not monotonic, and corresponds to the supplementary tables for the most recent 1000 years. Note that for several ages, multiple calendric intervals are possible for a single radiocarbon age. (Stuiver and Quay, 1980a; Stuiver and Quay, 1981) . A second bristlecone chronology, 3200 years long, has been established on wood found in Nevada (Graybill, pers commun, 1982) . Several floating chronologies are being developed in Europe (Becker, 1979; Beer et al, 1979; Lambert and Orcel, 1979; Pilcher et al, 1977) and it is likely that within the next few years it will be possible to connect them with existing recent chronologies. When this is done, they will be valuable in checking and reinforcing the USA chronologies. Even now, they are of some value after their age has been fixed using "wiggle matching" (see eg, Clark and Sowray, 1973) +3.0 ± 1.7
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